Introduction
A number of high-energy, high-brilliance x-ray synchrotron 1 ght sources are being proposed around the These machines will enter a new frontier in high-power beam x-ray optics and will permit experiments never before possible in x-ray material studies. The possibility of operating time on several high-energy electron-positron colliders could provide the opportunity to develop the beam-line optics and to perform initial experiments that would enhance the initial scientific utilization of these future machines.
developed and tested on the PEP machine.'
As predicted, the emittance was reduced by a factor of three compared with the standard collider optics, and the installed undulators produced an x-ray beam with the lowest emittance ever achieved in a synchrotron radiation source.
In 1986, a new low-emittance t ne was Based on these encouraging results, additional calculations were performed and presented at a workshop5 on extending the performance of PEP as a synchrotron radiation source. Following this workshop, addi.tiona1 operating time of PEP in the lowemittance mode was made available. During this period, PEP operated at 7.1 GeV with a measured natural emittance of 5.3 f 0.8 x IT m-rad (83% of calculated) and a 4% emittance coupling.6
This paper summarizes the work on the collective effects studied during the previously described low-emittance operation of PEP and presented in detail in Ref. 7. These studies looked at the single bunch and multi-bunch current limits consistent with stable beam operation. The lower than expected current limits and observed coherent beam oscillations, together with methods of counterin them, were considered at a recent SSRL workshop.' A result of these studies has been that the lower momentum compaction factor and large beta function variations of the low-emittance lattice (a common feature of all proposed high-energy radiation sources) contribute to enhanced collective effects, limiting the early achievable beam intensity to less than the desired 100 mA. The calculational models, especially because of the uncertainty of the beam impedance models, have limited predictability for these effects and will benefit from continued studies of this kind.
Single Bunch Current Limits Table I summarizes some of the properties of PEP for the collider tune and the two low-emittance tunes studied. The emittance and the momentum compaction factor are both reduced by about a factor of three in the low-emittance case, and the horizontal tune and beta functions are increased. Previous Lawrence Berkeley Laboratory, Berkeley, CA 94720 studies9 of the single-bunch current limits in the collider lattice were consistent with a high frequency, broadband impedance model having shunt impedances of -z U -2.5 S l and ZL 01 0.4 to 0.6 M Q/mm with fr = 1 GHz and Q = 1. single bunch current of 1 m 2.5 mA and a factor of three bunch lengthening wks predicted9 at R GeV. During this initial study, bunch length measurements were not available, preventing direct measurements of the longitudinal impedance. Initial measurements showed a bunch current limit (injection rate going to zero) of 1.2 mA at 5 M V RF voltage. This current increased with RF voltage as shown in Fig. 1 , and the current limit agreed well with a power law dependence on the synchrotron frequency of At the maximum current, the bunch showed clear signs of turbulence, with a large number of synchrotron frequency harmonics in the transverse beam position monitor signal, as well as large coherent motion observed in the synchrotron light monitor.
in the horizontal plane, despite the fact that both the horizontal and vertical betatron tune measurements showed a similar current dependence, see Fig The curves are the result of a fit to a power law de endence on the synchrotron frequency of Vs 0.78. Table I . Summarv of PEP Lattice P r o p e r t i e s f o r t h e D i f f e r e n t Tunes as shown by t h e dashed l i n e s i n Fig. 2 ( a ) . Calculat i o n of t h e expected tune s h i f t , t a k i n g i n t o account t h e l o n g i t u d i n a l bunch l e n g t h e n i n g w i t h a Z y / n = 2.5 R, was performed u s i n g t h e RRI/MOSFSl'
H o r i z o n t a l ( s q u a r e s ) and v e r t i c a l (diamonds) c o h e r e n t tune s h i f t as a f u n c t i o n of bunch c u r r e n t f o r ( a ) t h e low-emittance l a t t i c e and ( b ) t h e modified low-emittance l a t t i c e . The dashed l i n e s a r e t h e r e s u l t of a l i n e a r f i t t o t h e measured d a t a . The s o l i d curves a r e t h e c a l c u l a t e d tune s h i f t s of t h e

program. T h i s c a l c u l a t i o n was unable t o account f o r t h e observed t u n e s h i f t , without i n c r e a s i n g t h e
Zl t o 1.05 M Q/m, i n t h e p r e v i o u s l y d e f i n e d model. For t h i s c a s e , t h e c a l c u l a t e d TMC c u r r e n t l i m i t is I,, = 1.6 mA w i t h a bunch l e n g t h e n i n g f a c t o r of 1 . 2 times ( n o t measured). T h i s c u r r e n t l i m i t agreed w e l l w i t h t h e measured l i m i t of I b -1.4 mA measured.
given by8 I n t h e s e c a l c u l a t i o n s t h e tune s h i f t is
where 2 ( e f f ) i s t h e t r a n s v e r s e beam impedance average& over t h e bunch c u r r e n t power spectrum. Assuming t h a t t h e RF c a v i t i e s have t h e l a r g e s t e f f e c t on t h e t r a n s v e r s e impedance, t h e average b e t a f u n c t i o n was t a k e n from t h a t r e g i o n as i n Ref. 5. However, t h e l a r g e change i n 6, i n t h e I n t e r a c t i o n Regions ( I R s ) (from c o l l i d e r t o low-emittance l a t t i c e ) , where s y n c h r o t r o n r a d i a t i o n masks are i n s t a l l e d , could i n c r e a s e t h e i r c o n t r i b u t i o n t o t h e e f f e c t i v e impedance 
2-39 Mv
of t h e vacuum chamher. To t e s t t h i s , a modified lowe m i t t a n c e l a t t i c e was i n t r o d u c e d , which reduced t h e h o r i z o n t a l h e t a f u n c t i o n s by about a f a c t o r of two i n t h e RF c a v i t i e s and t h e IRs, t o t h e v a l u e s l i s t e d i n Tahle T.
The modified l a t t i c e showed a &2% i n c r e a s e i n t h e maximum hunch c u r r e n t a t any g i v e n RF v o l t a g e , a s shown i n pip.
The dependence on s y n c h r o t r o n frequency was observed t o be s i m i l a r t o t h a t of t h e o r i g i n a l l a t t i c e .
The b e t a t r o n tune s h i f t w i t h curr e n t , Fig. 2 
( b ) , was reduced by a f a c t o r of two i n t h e h o r i z o n t a l plane and i n c r e a s e d s l i g h t l y i n t h e v e r t i c a l plane t o :
dlb 'Ih r e s p e c t i v e l y . The h o r i z o n t a l tune s h i f t c a l c u l a t i o n u s i n k R R I with t h e h o r i z o n t a l b e t a Function i n t h e 9F c a v i t i e s a g r e e s well w i t h t h e previous impedance of
s u f f f c i e n t change t o y i e l d a TMC c u r r e n t l i m i t , s i n c e
AU
-U a t Tb t. 2.7 mh. The fmpedance r e q u i r e d t o f i ? t h e v g r t i c a l tune s ' l i f t i s q u i t e l a r g e , a s shown i n Fig. 2 ( b ) , where t h e r e s u l t of a RRT/HOSES c a l c i i l a t f o n is p r e s e n t e d f o r = 4.2 Y Y m . However, t h e M C c u r r e n t l i m i t f o r t h i s l a r g e impedance is about Ib = l.R mA, somewhat s m a l l e r than t h e 2.?-mA l i m i t ohserved. s e v e r a l a t t e m p t s a t improvfnp; t h e f t t by v a r y i n g t h e r e s o n a n t frequency were performer'. Inc r e a s i n g t h e r e s o n a n t frequency t o 2 GHz reduces t h e t r a n s v e r s e impedance t o about 1.
M W m , but s t i l l t h e disagreement between s l o p e of t h e tune s h i f t and t h e TMC c u r r e n t l i m i t e x i s t s . The s o u r c e of t h i s l a r g e v e r t t c a l impedance f s not known, but i t may r e s u l t p a r t l y Prom t h e s i g n i f i c a n t r e s i d u a l closed o r b i t d i s t o r t i o n and v e r t i c a l d i s p e r s i o n observed. T h l s r e s u l t e d from t h e s u h s t a n t i a l i n c r e a s e i n phase advanre hetween t h e i n s t a l l e d c o r r e c t i o n mapnets,
The v e r t i c a l tune s h f f t shows which had d i f f i c u l t y c o r r e c t i n g t h e c l o s e d o r b i t t h e low-emittance l a t t i c e .
M u l t i p l e Bunch Current L i m i t s
The g o a l of a c h i e v i n g high c i r c u l a t l n g c u r r e n t ( = l o 0 mA) was s t u d i e d by a t t e m p t i n g t o f o r understand the differences between a small number of bunches filled to the maximum current per bunch, compared with many bunches filled to a much lower bunch current. Since PEP allowed filling any one of the 2592 RF buckets, an initial study compared the total current obtained for a pair of bunches filled to the single bunch limit as a function of the time between the bunches. No significant difference was observed in the total current stored at the different bunch spacings, which ranged from adjacent buckets to a maximum interbunch spacing of h/3.
Filling a train of bunches to their maximum bunch current produced clear signs of longitudinal bunch instability. Injection into some buckets was not possible without using the longitudinal damping system, which worked well on six bunches (its designed value) but had little effect beyond that range. However, injecting into RF buckets ahead of the bunch train permitted filling a bunch number that was longitudinally unstable at the tail of the train, due to large wakefields. Filling in this manner achieved a total current of about 20 mA with lifetimes less than one hour. At this current, the bunches showed considerable coherent motion in the longitudinal and transverse directions. This was exhibited by a coherent betatron frequency signal dominated by many harmonics of the synchrotron frequency, rather than by the betatron tune signal. The beam profile, as observed with the synchrotron light monitor, showed considerable motion of the spot, as well as changes in the spot size and orientation.
Since the tune shift and growth rate of normal modes of oscillation of multiple bunches are directly proportional to the single bunch current, several studies of filling the RF buckets to less than the single bunch current limit were performed. The first attempt at filling every other RF bucket to 0.5 mA (113 maximum) yielded a total current of 15 mA with little coherent bunch motion and a lifetime of greater than 90 min. Increasing the current further resulted in significant coherent motion in the vertical plane, but very few synchrotron frequency harmonics were observed in the transverse monitors. A second attempt at filling every 20th RF bucket to 0.2 mA/bunch yielded similar total current but with less coherent motion and lifetimes greater than 100 min.
With a total of 24 (5-cell) RF cavities in PEP and only 6 cavities powered (at 7.1 GeV), a study of the impedance effects of the unpowered cavities was performed. Normally the tuners in the unpowered cavities shift the fundamental cavity mode approximately 112 of the rotation frequency below the h = 2592 acceleration harmonic. Calculations of the growth rates for longitudinal coupled bunch mode Kb-1 predict a 1 ngitudinal instability current limit less than 10 ,A.' Moving the fundamental mode of half the unpowered cavities by a similar frequency above the h = 2592 RF frequency, a reduction of the Kb-1 mode growth rate by a factor of three is e~pected.~ the fundamental mode of the unpowered cavities arranged in this manner, a total 34-mA current was obtained by filling every 20th RF bucket to 0.5 mA per bunch. The beam appeared quite stable with lifetime in excess of 100 min. An additional study was performed using one pair of powered RF cavities shifted to a frequency of h = 2593, in order to spread the synchrotron tune between bunches and increase the Landau damping. No increase in total current was observed, due to a serious instability by the first normal mode of the coupled bunch oscillation. In the future, damping will be provided by shifting another pair of cavities to the h = 2591 harmonic frequency.
With Conclusions
Single hunch current limits were measured for the low-emittance tunes in PEP and found to be limited by the TMC lnstability to less than 2.5 mA for RF voltages up to 10.5 MV. The horizontal and vertical transverse impedances appear to be Zx = 1.05 MQ/m and Zy = 4.2 Mn/m , respectively, assuming that the average beta functions are equal to those in the RF cavities. At the maximum single hunch currents, considerable coherent motion of the bunch was observed, probably resulting from the large wakefields caused by the residual closed orbit distortions.
The multiple bunch operation showed large longitudinal and transverse coherent oscillations when bunches were filled to the single bunch limit. Total currents in excess of 30 mA were obtained by filling widely spaced bunches to less than 113 of the single bunch limit. With this method the coherent beam motion was quite small in all dimensions.
Future studies are in the planning stage. These studies will include: improve closed orbit corrections, hunch length measurements, single bunch turbulence measurements, reduction of RF cavity impedances, and possibly coupled bunch feedback systems.
